1. General Introduction {#s0010}
=======================

Monoclonal antibodies are protein molecules made from hybridoma cells by recombinant DNA technology. When applied as a therapeutic, a particular monoclonal antibody is referred to as Mab. The Mabs are defined as "monospecific antibodies that are made by identical immune cells that are all clones of a unique parent cell." Mabs are far superior to polyclonal antibodies with respect to their controlled manufacturing procedures and their reproducible affinity for specific target antigens.

Mabs are indispensable not only to health, but also to prevent food poisoning, and are used to investigate environmental pollution. However, despite their widespread distribution and significance, most people have never heard of Mabs or how they have both transformed healthcare and spawned an entire new industry. Produced in the laboratory, Mabs are derived from the billions of tiny antibodies made every day by our immune systems to combat substances, known as antigens, which are regarded as foreign or potentially dangerous. Millions of different types of antibodies can be found in the blood of humans and other mammals. Made by white blood cells known as B lymphocytes, each antibody is highly specific---that is, it has the ability to bind to only one particular antigen, which may be derived from bacteria, viruses, fungi, parasites, pollen, or nonliving substances, such as toxins, chemicals, drugs, or foreign particles considered alien to the body. Once antibodies have marked their antigen, they and other types of cells produced by the immune system can attack it. The field of genetically engineered therapeutic Mabs has relied on many inventions during decades of research, but two key discoveries in the mid-1970s stand out as seminal events that laid the groundwork for this field to exist as we know it today. Although Mabs were first described in 1975 ([@bib0230]), only when the original rodents forms were replaced by their human equivalents did their potential as therapeutic agents began to be properly appreciated ([@bib0275], [@bib0530]). The reasons for this are complex, but related to a combination of perceptions including patentability, immunogenicity, effector function, and a wish to avoid undesirable side effects.

The increasing scientific interest on Mabs can be clearly seen in [Fig. 25.1](#f0010){ref-type="fig"} , which shows the rising number of published articles using the keyword *monoclonal antibodies* in different databases (Pubmed and Scopus). Athough fewer published articles, the number of publications is constant over the years to Science Direct and Wiley. Figure 25.1Number of Publications by Year/Database

Mabs are used not only as drugs for treating various diseases, but are also used as powerful tools for a wide range of medical applications. They are routinely used in hospitals for blood type and tissue, a vital process to ensure safe blood transfusion and organ transplantation. In other cases, they are employed as research probes to determine the pathological pathway and the cause of diseases, such as cancer, autoimmune diseases, and neurological disorders. On the diagnostic front, monoclonal antibodies are intrinsic components of test kits for the detection of ovulation, pregnancy, or menopause. They are also used for analyzing body fluids for medical diagnosis, and to determine whether there has been a heart attack.

Unlike polyclonal antibodies, Mabs are identical antibodies because they are produced by one type of immune cell. Using current hybridoma (mouse/human hybrid cells) technology originally developed by Georges Kohler, Cesar Milstein, and Neils Jerne, Mabs can be produced to bind tightly to virtually any material or antigen, which is defined as a substance that prompts the generation of antibodies that specifically bind to it. Antigens typically consist of proteins or polysaccharides. Epitopes, also known as antigenic determinants, are the part of the antigens through which actual binding to antibodies occurs.

The Mabs technology allowed scientists to produce huge quantities of pure antibodies aimed at specific selected targets, leading to the design of new diagnostic tests and therapeutics. By injecting a payload of Mabs into the bloodstream, the antibodies were headed straight to their disease target.

Today, the growth and profitability of Mabs are outstripping those of earlier types of biotechnology drugs and more traditional pharmaceutical ones. Indeed, their expansion is among the fastest in the global pharmaceutical world. In part, this reflects the sector's embrace of Mabs as an answer to dwindling drugs in the pipeline and reduced revenue streams in the face of the expiration of key patents and the growth of generic medicines.

Drugs based on Mabs technology have names ending in "mab." The first drug that received Food and Drug Administration (FDA) approval was Rituxan (rituximab) ([Fig. 25.2](#f0015){ref-type="fig"} ) for the treatment of non-Hodgkin's lymphoma, in 1998. It was developed by IDEC, and it has since merged with Biogen. Rituximab is a Mab against the protein CD20, which is primarily found on the surface of immune system B cells. Rituximab destroys B cells and is therefore used to treat diseases that are characterized by excessive numbers of B cells, overactive B cells, or dysfunctional B cells. This includes many lymphomas, leukemias, transplant rejection, and autoimmune disorders. IDEC teamed up with Genentech to get FDA approval and to comarket Rituxan. In parallel, Genentech developed Herceptin (Trastuzumab) for the treatment of breast cancer associated with the HER2/neu receptor. Herceptin was approved by the FDA in 1998 and is the first important example of personalized medicine requiring a diagnostic test to ensure efficacy, since only patients who express the Her2 gene in their breast cancer tissue have a chance to benefit from treatment with this Mab.Figure 25.2Monoclonal Antibody Rituximab

Today, six therapeutic Mabs are among the 10 best-selling drugs in the world. In 2013 it was estimated that the global sales of the 10 more successful Mabs were worth more than \$58.1 billion. Among these, adalimumab (Humira) is used for the treatment of rheumatoid arthritis and other autoimmune diseases and was at the top of the selling drug list across the world in 2012, reaching an annual income of \$9.3 million. Thus, Mab sales are expected to be higher than those for Lipitor, used for cholesterol reduction, which has been the largest prescribed drug historically ([@bib0220]).

2. Mabs Production {#s0015}
==================

Since the 1970s, the methodologies available for generating Mabs have dramatically evolved from the hybridoma technology used to produce murine Mabs ([@bib0230]) to sophisticated recombinant engineering technologies ([@bib0085], [@bib0090]; [@bib0455]) appropriate to design specific Mabs of choice, thus producing humanized, chimeric, and completely (fully) human Mabs ([Fig. 25.3](#f0020){ref-type="fig"} ) ([@bib0085], [@bib0090], [@bib0190], [@bib0275], [@bib0390]).Figure 25.3Schematic Representation of the Production of Monoclonal Antibodies

These novel methods have had major consequences in the development of clinically applicable Mabs against disease targets. The immunogenicity and safety of Mabs, a substantial limitation of antibodies produced by the hybridoma technology, could be overcome, and Mabs against any antigen specificity and with desirable physicochemical properties could be developed. High-scale production of Mabs at the industrial level could further be achieved. This has sparked a race for the development of antibody-mediated therapeutics in the clinic with the investment of large amounts of money from the biopharmaceutical sector toward that end, which is already paying off. The major success of human Mabs in immune and inflammatory conditions, such as rheumatoid arthritis (RA), Crohn's disease, ulcerative colitis, spondyloarthropathies, juvenile arthritis, psoriasis, psoriatic arthritis, and others ([@bib0040]), marks merely the beginning of a rapidly evolving field with more than 150 diverse Mabs currently being evaluated in clinical trials or being candidates for approval by the FDA in the USA.

Scaling up Mabs production for therapeutics posed several challenges. The major issue was how to produce high quantities of drugs at a reasonable cost. Most cell lines in the 1980s yielded only half a gram of Mabs per liter, so production was time consuming and expensive. The ideal was to develop a hybrid cell line that could produce between 5 and 10 g of Mabs per liter. This demanded several steps, and even more, each requiring skill and patience. First was the creation of a hybrid cell, after which a clone secreting Mabs in high concentrations had to be selected. Then a culture medium had to be developed to encourage the optimal growth of the hybridoma. Scaling up such media was not easy in terms of quality control because they contained fifty or more ingredients, and it was important to determine how many nutrients to add. Hybridomas stop secreting Mabs, for example, if given too much glucose.

3. Antibody--Drug Conjugates {#s0020}
============================

Antibody--drug conjugates (ADCs) are Mabs bearing cytotoxic drugs covalently bound via a chemical linker and can be defined as prodrugs. Prodrugs are inactive or less active derivatives of drug molecules and undergo enzymatic or chemical transformation to regenerate the active forms. ADCs are designed to be superior to either antibody therapeutics or chemotherapy alone by overcoming their limitations while preserving the merits from both. The antibody connected to the cytotoxic warhead (drug) via a linker serves as targeted delivery system to the tumor expressing the antigen/target recognized by the antibody. Ideally, in blood, after systemic administration, this prodrug is nontoxic. Upon binding of the antibody to the targeted tumor antigen and internalization of the complex into the cancer cell, the drug is then released in its active form and in sufficient quantity to kill the cell. On top of the careful choice of a target/antigen expressed in specific tumor indication, it requires finding the best combination between the antibody, the linker, and the drug, which, besides its own characteristics and constraints, are linked and impact each other ([@bib0065]).

The combination of nanoparticles and antibodies can offer versatility together with specificity ([Fig. 25.4](#f0025){ref-type="fig"} ), allowing a huge potential market. Figure 25.4Conjugation of Nanoparticles to Antibodies and Their Advantages

The target/antigen is the starting point to build an ADC. It first determines which tumor indication will be targeted by the ADC and potentially impacts the choice of the conjugated drug. In addition, the target will also drive the criteria that will be defined for the selection of the targeted patient population within the tumor indication.

3.1. Physical Stability of Antibody--Drug Conjugates {#s0025}
----------------------------------------------------

Mabs are typically susceptible to noncovalent aggregation upon storage. Aggregation is driven by the minimization of free energy achieved when antibodies come into close contact---for instance, at relatively hydrophobic sites on the molecules. Dimerization may be thought of as the first step in aggregation, and sometimes the process proceeds no further. Dimers maybe reversible ([@bib0345]) or not, but growth can lead to larger and larger oligomers and even potentially insoluble particulates, as time progresses ([@bib0515]). Because ADCs are decorated with one or more small molecule drug moieties, they have a different set of biophysical properties compared with the unconjugated antibody, leading to new or altered intermolecular interactions. An antibody that exhibits acceptable aggregation behavior in its unconjugated form may have different physical behavior in its conjugated form, either because of changes in surface properties, such as hydrophobicity due to drug attachment or because the drugs have altered the higher-order structure of the antibody such that new modes of antibody--antibody interactions are possible. These factors could contribute to a substantially different propensity for aggregation.

This effect is most readily observed in a formulation screen designed to test both conjugated and unconjugated forms in parallel and subjected to the same assays. Such a study does not automatically reveal the exact cause of the effect, only that it is related to the conjugated form or conjugation process. The degree to which the molecule has been physically altered by conjugation may be assessed by techniques such as differential scanning calorimetry (DSC) ([@bib0510]), with physical perturbations manifested as changes (likely decreases) in the onset of melting or melting temperature, Tm, of the conjugated Mab as compared to the unconjugated antibody. This decrease in thermodynamic stability may translate to a decreased colloidal stability of the conjugate compared to an unconjugated antibody.

3.2. Chemical Stability of Antibody--Drug Conjugates {#s0030}
----------------------------------------------------

Part of ADC chemical stability is inherited from the unconjugated antibody. For instance, if the unconjugated antibody is susceptible to deamidation or isomerization with known pH dependence, this degradation mode is also likely to be present in the ADC. These types of degradations may impact the product potency, especially if the affected residues are found in the complementarity-determining region. Much has been learned through years of experience with unconjugated antibodies about the susceptibility of various amino acid residues to chemical degradations, allowing substantial insights to be gained from examination of the protein primary sequence alone, coupled to available information about local solvent exposure and flexibility ([@bib0235], [@bib0395]). It may be expected that most chemical modifications to the primary sequence of the unconjugated antibody will also occur in the ADC form. Fragmentation is another possible chemical degradation pathway for ADCs, driven by the breakage of covalent bonds between chains or within the peptide backbone. The altered physical state of the molecule following addition of the small molecule drug may result in some differences in the susceptibility of the ADC to fragmentation, but the fundamental susceptibility of the ADC to fragmentation is likely derived mostly from the Mab. A common unconjugated antibody degradation mode involves breaking the heavy chain peptide near the hinge region, leading to free Fab and Fab + Fc products ([@bib0120]). This is still a feasible degradation pathway for ADCs as well. Comparison of fragmentation rates between conjugated and unconjugated antibodies can reveal whether the ADC form has different stability toward fragmentation.

The covalent bonds linking drugs to antibodies may be broken by a variety of mechanisms over the shelf life of the product and under stressed storage conditions.

3.3. Formulation Development of Antibody--Drug Conjugates {#s0035}
---------------------------------------------------------

Formulation development of ADCs aims to ensure that stable, high-quality products are dosed to patients. Though this goal is common to all pharmaceutical formulations, ADCs present a unique set of physicochemical properties that can impact safety, quality, and efficacy as compared to traditional therapeutic proteins. Although there is a body of literature that outlines which product attributes affect the safety, quality, and efficacy for conventional, unconjugated Mabs ([@bib0160]), an understanding of attributes important to ADCs is only now emerging.

The choice of formulation has the potential to affect all categories of ADCs quality attributes. Because conjugation of an ADC requires an unconjugated antibody as an intermediate, the formulation development process for a conjugate necessarily involves formulating a Mab at some stage, likely as an intermediate for manufacturing of the final ADC form. The formulation optimization for the antibody portion of the ADC follows a similar course to that of an unconjugated antibody and, therefore, can leverage the biotechnology industry's considerable experience developing this class of molecule. Many examples of successful commercial antibody formulations, both liquid and lyophilized, have been reported ([@bib0515]). However, the complexity of the formulation-development process potentially increases when quality attributes of the small molecule drug and those of the conjugated form are taken into account.

4. Nanotechnology's Potential Impact on Mabs {#s0040}
============================================

The antibody-conjugated nanoparticles can be used principally in two biomedical applications: diagnosis and therapy.

In therapy, the development of targeted drug delivery represents, together with tissue repair, the main applications of antibody-conjugated nanoparticles. In diagnosis, the applications can be divided into those using in vivo and those using in vitro experimentation and include contrast agents for magnetic resonance imaging (MRI), sensing, cell sorting, bioseparation, enzyme immobilization, immunoassays, transfection (gene delivery), and purification.

Today, one of the most interesting challenges posed by drug-delivery systems is the development of smart vectors, which are required to be safe, easily administered, and economic, and which allow simultaneous diagnosis and treatment. Moreover, it is intended that the delivery is precisely controlled in term of dose and site of action to reduce adverse side effects. In this regard, there are many important site-selective drugs, such as highly toxic antitumor molecules, that must reach targeted cells or tissues without being released before.

Nanoscience and nanotechnology have found their way into the fields of biotechnology and medicine. Nanoscience is the study of structures and materials on an atomic and molecular scale, in a level that ranges usually below 100 nm.

Nanoparticles by themselves offer specific physicochemical properties that they do not exhibit in bulk form, where materials show constant physical properties regardless of size. Antibodies are nanosize biological products that are part of the specific immune system. In addition to their own properties as pathogens or toxin neutralizers, as well as in the recruitment of immune elements (complement, improving phagocytosis, cytotoxicity antibody dependent by natural killer cells, etc.), they could carry several elements (toxins, drugs, fluorochroms, or even nanoparticles, etc.) and be used in several diagnostic procedures, or even in therapy to destroy a specific target. The conjugation of antibodies to nanoparticles can generate a product that combines the properties of both.

Since the properties of materials differ significantly between atomic or subatomic level and larger scales, nanomaterials have attracted the attention of researchers for pharmaceutical application, especially in the area of drug delivery. This technology overcomes some of the drawbacks of large-size materials, such as poor bioavailability, in vivo stability, solubility, intestinal absorption, sustained and targeted delivery to site of action, and generalized side effects, among others. In this regard, nanostructures have been reported to protect drugs from the degradation in the gastrointestinal tract, and even more, to provide means of bypassing the liver, preventing the first pass metabolism. This technology also has the ability to target delivery of drugs to various areas of the body, and enables the delivery of drugs that are poorly water-soluble. Moreover, nanotechnology improves drugs bioavailability and allows them to remain circulating in the blood for a long time, controlling their release. Nanostructures can also be able to penetrate tissues and be easily taken up by cells, allowing for efficient delivery of drugs to target sites of action. Nanostructures were reported to be taken up by the cells at rates 15--250 times greater than microparticles. Nanotechnology improves performance and acceptability of dosage forms and even may enhance the performance of drugs that fail in clinical trial phases. Nanotechnology will definitely revolutionize the science of drug delivery and help overcome the major challenges of conventional drugs used for the treatment and management of chronic diseases such as, cancer, asthma, hypertension, HIV, and diabetes.

In this context, nanomedicine can be defined as the medical application of nanotechnology and involves research, and diagnostic and therapeutic applications related with nanotechnology. Nanotechnology has been applied in medicine to develop strategies to manage, treat, or even cure virtually every type of human disease.

Mabs are not only successful drugs but also powerful tools for a wide range of medical applications. In this regard, over the last 10 years several nanotechnological platforms for medical applications have converged upon a specialization toward diagnosis, therapy or even both, as in the case of magnetic nanoparticles.

The study of nanoscience and the optimization of technologies, such as ADCs and nanocarriers have driven the design of methodologies that are tailored to address specific diseases and medical anomalies. ADCs, for example, represent excellent nanoscale-based drug delivery vehicles and thus tend to be focused on delivery to certain drugs, as in the treatment of cancer.

The conjugation of different moieties to the nanoparticles widens their application fields and provides them with new or enhanced properties. A range of biomoieties can be conjugated to the nanoparticles including low molecular weight ligands (folic acid, thiamine, dimercaptosuccinic acid), peptides (RGD, LHRD, antigenic peptides, internalization peptides), proteins (BSA, transferrin, antibodies, lectins, cytokines, fibrinogen, thrombin), polysaccharides (hyaluronic acid, chitosan, dextran, oligosaccharides, heparin), polyunsaturated fatty acids (palmitic acid, phospholipids), DNA, and plasmids.

Nanotemplates provide unique access to extremely high-throughput capabilities for rapidly defining the presence of a biomarker and thus lend themselves as excellent platforms for diagnostics applications. Rapid progress is being made to drive these advances in nanomedicine, especially in the area of cancer treatment. Although still in its infancy when compared to other medical technologies, nanomedicine is undoubtedly here to stay and will have an enormous impact on the future health and well-being of man.

4.1. Methods for Conjugating Antibodies to Nanocarriers {#s0045}
-------------------------------------------------------

Nanocarriers are nanometer-sized materials that have the capacity to deliver therapeutic agents at the disease site ([@bib0050], [@bib0415]). They are designed to possess unique physicochemical properties, aiming to improve the pharmacokinetic and biodistribution of a drug molecule ([@bib0270]) and to deliver a significant amount of drug molecules. Examples of some therapeutic nanocarriers are lipid-based particles ([@bib0020]), micelles ([@bib0215]), nanoparticles ([@bib0420]), dendrimers ([@bib0470]), and polymersomes ([@bib0250]). Some of these have been proposed for the treatment of various diseases including cancer ([@bib0135]), coronary artery diseases ([@bib0100]), and rheumatoid arthritis ([@bib0480]). In the particular case of cancer, the unique anatomy---that is, the leakiness of the tumoral vasculatures---concedes a passive transport of the nanocarriers by enhanced permeability and retention (EPR) effect ([@bib0290]). However, the porosity of the tumor blood vessels may vary with the tumor type ([@bib0060]). Even with a successful delivery by the EPR effect, the nanocarriers must be able to internalize into the cancer cells ([@bib0165]). A new paradigm in drug delivery embroils a combination of active and passive targeting. Targeting ligands, such as antibodies ([@bib0300]), peptides ([@bib0450]), small molecules ([@bib0240]), or aptamers ([@bib0150]) can be attached onto the surface of a nanocarrier. The carriers recognize and bind to the cell-surface receptors and are subsequently taken by the cells via receptor-mediated endocytosis for releasing the therapeutic payloads ([@bib0425]). The binding affinity of targeted nanocarriers can also be increased several orders of magnitude by the multivalent effect ([@bib0520]).

Among all the targeting ligands, antibodies are well known for their high binding affinity, specificity, and availability for a number of disease biomarkers ([@bib0305]). An antibody can be simply absorbed on the surface of a nanocarrier via hydrophobic and/or electrostatic interaction ([@bib0440]). However, using this approach, the absorbed antibody may orient randomly on the surface and result in losing the binding affinity. Furthermore, the antibody may exchange with other endogenous protein in vivo ([@bib0355]). Therefore, antibodies are generally preferred to attach to the nanocarriers covalently ([@bib0055]). An antibody consists of a number of functional groups that provides many options for bioconjugation ([@bib0305]). Bioconjugation can take place by means of adsorption (at the isoelectrical point of the antibody via electrostatic interaction), by direct covalent linkage between the surface of the nanoparticle and the antibody, or by using adapter molecules.

The use of adapter molecules generally involves streptavidin and biotin for the formation of the complex. Biotin-labeled polyclonal goat anti-*Escherichia coli* antibodies have been attached to streptavidin-coated magnetic nanoparticles, and used for the separation and selective quantification of *Escherichia coli* O157:H7 in ground beef in the presence of other bacteria ([@bib0495]).

5. Therapeutic Applications of Monoclonal Antibodies {#s0050}
====================================================

Mabs are capable of specifically recognizing and binding to many molecules, mainly those of protein nature. This capability have been widely used in the field of diagnosis for the detection of hormones, vitamins, cytokines, allergens, numerous tumor markers, and a wide range of markers associated with many diseases, including microbial infections. For these properties, the Mabs are the substances most commonly used in the field of clinical diagnosis and in identifying markers and therapeutic targets. Besides applications in disease diagnosis and in drug discovery, therapeutic applications include Mabs, such as vehicles or carriers of other drugs.

Current major therapeutic applications of Mabs include cancer, chronic inflammatory disease, and infection, and they constitute the largest and fastest growing sector of the biological pharmaceutical industry.

In addition to offering a host of new drugs to fight disease, Mabs have provided the means to monitor a patient's response to therapy and helped lead the way in personalized medicine.

Mabs are now marketed not only for cancer and autoimmune disorders, but also for a range of other diseases, including allergic conditions, such as asthma, age-related macular degeneration (an eye disorder), multiple sclerosis (a neurological disorder), and osteoporosis (brittle bones). They are also being investigated for central nervous system disorders, such as Alzheimer's disease (a degenerative brain disease), metabolic diseases such as diabetes, and the prevention of migraines.

Mabs used for therapeutic purposes may bind to a variety of antigens present on the surface of tumor and cancer cells. They may also be utilized to deliver a number of different types of payloads to destroy the targeted cells in question including radioactive ligands, cytokines, toxins, liposomes containing drugs, and specific killer cell types. These immunoconjugates, which are defined as antibodies linked to a second molecule, such as a toxin, radioisotope, or label may act at the cell surface as killing agents or be internalized to release payloads intracellularly.

5.1. Diagnosis and Therapeutic Applications of Antibody-Conjugated Nanoparticles {#s0055}
--------------------------------------------------------------------------------

Despite their high sensitivity and reproducibility, conventional diagnostic methods for a microbial infection require cumbersome sample preparation and long readout times ([@bib0200]). Unique electrical, magnetic, luminescent, and catalytic properties of nanomaterials enable fast, sensitive, and cost-effective diagnosis, as well as rapid determination of the susceptibility and resistance of antibacterial drugs ([@bib0080], [@bib0145]).

Antibody-conjugated nanoparticles amplify the signals for bioanalysis and enumeration of highly pathogenic bacteria, such as *E. coli* O157:H7, resulting in highly selective, convenient, and rapid detection of single bacterium within 20 min ([@bib0280]).

The rapid and sensitive determination of pathogenic bacteria is extremely important in biotechnology and medical diagnosis. Current methods either lack ultrasensitivity or take a long time for analysis. The use of magnetic nanoparticles also could be a very sensitive and rapid strategy to detect microbial infection. Magnetic nanoparticles, in particular superparamagnetic iron oxide nanoparticles (SPION) with appropriate surface chemistry have been widely used experimentally for numerous in vivo applications, such as magnetic resonance imaging contrast enhancement, tissue repair, immunoassay, detoxification of biological fluids, hyperthermia, drug delivery, in cell separation, and so forth ([@bib0350]).

Dextrancoated supermagnetic iron oxide nanoparticles were clustered by Con-A treatment, or equipped with Con A-conjugated nanosensors ([@bib0555]).

Supermagnetic iron oxide nanoprobes greatly assisted the identification of *Mycobacterium avium* spp. *paratuberculosis*, as well as the quick quantification of these bacteria in milk and blood with high sensitivity ([@bib0075]).

A quick method for detecting infections in the urinary tract has also been developed using gold nano-wire arrays in conjunction with a linker arm attached to specific *E. coli* antibodies ([@bib0125]).

[@bib0270] have shown that nanoparticles with specific Raman spectroscopic fingerprints can distinguish antibiotic resistant bacteria, by detecting single-nucleotide polymorphisms in microarray-based systems ([@bib0265]).

A bioassay based on bioconjugated nanoparticle was developed by [@bib0555] for in situ pathogen quantification. The detection is carried out by a high fluorescent signal provided by the nanoparticle, which is easily attached to an antibody or other biorecognition molecule. These conjugated nanoparticles can be used in the specific identification of a wide range of bacteria, such as *E. coli* O157:H7, through antibody antigen interaction.

These nanoparticles were able to assess the microbial metabolic activity and determine antimicrobial susceptibility in blood, by rapidly quantifying polysaccharides.

The broad absorption spectra of quantum dots (QDs) can be exploited to simultaneously excite QDs emitting different colors using a single wavelength ([@bib0095]). These characters suggest that QDs are a promising modality for the analysis of complex samples for histology, pathology and cytology, and can facilitate double or even triple immunostaining of bacterial cells ([@bib0195]). Studies have demonstrated that the use of nanotechnology feasibility of achieving fast and reliable pharmaceutical assays for microbial infections in opaque media (e.g., whole blood and milk), without any sample preparations ([@bib0030], [@bib0485]).

The ability to track the distribution and differentiation of progenitor and stem cells by high resolution in vivo imaging techniques would have significant clinical and research implications. [@bib0255] developed a cell labeling approach using short HIV-Tat peptides to derivatize superparamagnetic nanoparticles. These particles were efficiently internalized into hematopoietic and neural progenitor cells in quantities up to 10--30 pg of superparamagnetic iron per cell. Iron incorporation did not affect cell viability, differentiation, or proliferation of CD34^+^ cells. Following intravenous injection into immunodeficient mice, 4% of magnetically CD34^+^ cells homed to bone marrow per gram of tissue, and single cells could be detected by magnetic resonance imaging in tissue samples. In addition, magnetically labeled cells that had homed to bone marrow could be recovered by magnetic separation columns. Localization and retrieval of cell populations in vivo enable detailed analysis of specific stem cell and organ interactions critical for advancing the therapeutic use of stem cells ([@bib0255]).

Nanomaterials with fluorescent properties or nanoparticles labeled/encapsulated with fluorescent dyes have also been applied for microbial detection. Using antibody-conjugated silica nanoparticles, these materials can be used as a superior signaling element, to detect cells, proteins and bacteria in an immunoassay ([@bib0170], [@bib0475]).

Ultrasensitive methods for bioassays have been developed using fluorescent bioconjugated silica nanoparticles ([@bib0410], [@bib0555]). Thousands of fluorescent dye molecules are encapsulated in a protective silica matrix, resulting in a nanoparticle with an amplified and reproducible signal for fluorescence-based bioanalysis. Whereas in conventional immunoassays only one or a few dye molecules are linked to an antibody molecule and then used to signal an antibody-antigen interaction event, the bioconjugated nanoparticles, which are attached to the antibody molecule, are enabled to carry many dye molecules inside, allowing a significant amplification of the analytical signal. Furthermore, bacteria present many surface antigens available for antibody recognition, and, therefore, a greatly amplified signal can be achieved since thousands of nanoparticles can attach to each bacterium. These bioconjugated nanoparticles allow the detection of a bacterium cell per given sample just in 20 min with a spectrofluorometer.

Santra and coworkers used covalent method to attach surface-modified, rubpy-doped silica nanoparticles to mouse antihuman CD10 antibody. This complex was then incubated with mononuclear lymphoid target cells. After washing away the unbound nanoparticles, target leukemia cells could be clearly detected. In comparison to control group, results of this experiment have shown that this technique was very effective to detect leukemia cells selectively ([@bib0410]).

Tan and coworkers developed an assay tool for in situ detection of single bacterium cells in less than 20 min and developed multicolored FRET (fluorescence resonance energy transfer) silica nanoparticles by coencapsulating three tandem dyes that emit unique colors upon excitation with a single wavelength ([@bib0475]).

Among therapeutic applications of antibody-conjugated nanoparticles, the use of gold nanoparticles was tested in killing *Staphyloccocus aureus* ([@bib0570]). The bacteria were killed by light-adsorbing gold nanoparticles conjugated to antiprotein A antibodies, using laser irradiation at 532 nm. Protein A was chosen because it interacts specifically with the Fc fragment of the antibody. According to the authors, killing efficiency depends on the local overheating effects accompanied by bubble-formation phenomena. Direct irradiation of bacteria with the laser did not damage the bacteria, because of low absorption by natural endogenous cytochromes.

### 5.1.1. Cancer {#s0060}

The diagnosis of cancer at early stages of growth is a critical factor for obtaining optimal results in therapy and for improving the chances of survival.

Several imaging techniques collaborate with physicians in the diagnosis, including magnetic resonance imaging (MRI), positron emission tomography (PET), computed tomography (CT), ultrasound, radiography, photoacoustic imaging, fluoroscopy, and so forth. In some of these techniques, antibody-conjugated nanoparticles may offer increased selectivity and sensitivity.

Fluorescent semiconductor nanocrystal QDs are a novel class of multifunctional inorganic fluorophores that are promising in biological imaging, including immunofluorescence imaging ([@bib9010]), and are useful for labeling molecules ([@bib0610], [@bib9010]) and cells in various materials ([@bib0600], [@bib0605], [@bib9015]), even clinical human samples ([@bib0630]).

The first generation of ADCs presented limitations in relation to the linker instability because the early linkers were either too stable, resulting in low potency and reduced efficacy, or too unstable, resulting in poor targeting and high systemic toxicity. Furthermore, cytotoxics without sufficient potency, inefficient internalization, limited expression of the target antigen and immunogenicity of Mabs ([@bib0025], [@bib0105]).

Second-generation ADCs were designed to deliver potent anticancer agents to tumors in a targeted manner to limit systemic exposure. The success of targeted ADCs depends on antibody selection, potency of the cytotoxin and the method selected to link the antibody to the cytotoxin.

Nanotechnology is a disruptive technology that drives a new generation of cancer preventive diagnosis, and therapeutic products, resulting in dramatically improved cancer outcomes. Nanotechnology in the field of cancer has the potential to improve the monitoring of therapeutic efficacy, provide novel methods for the detection and profiling of cancers at early stages, and allow surgeons to delineate tumor margins and sentinel lymph nodes. Nanomaterials have unique features that are attractive and can be applied to biosensing. The development of various nanomaterials and nanotechnology has enabled detection of cancer biomarkers with great precision and sensitivity that could not be achieved before. Many studies are being conducted on developing sensing mechanisms that will push down the detection limit as far down as possible ([@bib0035]). Ligand-free nano-formulations generally possess passive targeting property with little tissue specificity. To address these limitations, research has been continued to advance active or specific targeting to enhance the efficacy of anticancer therapeutic agents, as well as to reduce the toxicity to nontargeted healthy tissues. Nanoparticles containing the chemotherapeutic agents are specifically designed to target the cancerous cells either by ligand receptor interaction or antibody-antigen recognition. Highly specific Mabs are used to strengthen the immune response and to intensify the immune system's antitumor capacity. Moreover, Mabs are highly specific when attached to nanoparticles to aid in targeted delivery of various antitumor cytotoxic agents or function themselves as effective therapeutic agents ([@bib0465]). There are different ways of destroying cancer cells with Mabs: directly by inducing apoptosis, blocking growth factor receptors or inducing the formation of antiidiotype, and indirectly by activating complement-mediated cellular cytotoxicity and antibody dependent cell-mediated cytotoxicity ([@bib0620]).

The paramagnetic properties of iron-oxide nanoparticles have been harnessed for therapeutic and imaging applications ([@bib0325]). [@bib0115] have reported that dextran-coated iron-oxide nanoparticles conjugated to radiolabeled (Iodine isotope 131,131I) anti-VEGF Mab significantly increased imaging resolution, as well as destruction of liver cancer in mice ([@bib0115]).

Srinivasan, Lakshmikuttyamma, and Shoyele ([@bib0445]) studied selective targeting of Mabs to oncoproteins in cancer cells while avoiding their accumulation in normal cells. Results of fluorescence microscopy, TEM, and flow cytometry revealed that bevacizumab nanoparticles were internalized by A549 cells 3 times more than by MRC-5 cells. Macropinocytosis and energy-dependent pathways were elucidated to be involved in their uptake by A549 cells. This study presents the first evidence that uncoated Mab nanoparticles can be selectively delivered to cancer cells while avoiding normal cells.

Mabs have been also employed as an effective active targeted therapy since these antibodies can specifically recognize the over-expressed HER2 positive tumor cells and internalize through receptor mediated endocytosis.

To treat HER2 positive breast cancer, anti-HER2 humanized Mabs are commonly used, although advances can be made in targeted cellular localization via conjugation strategy through a nano-particulate system focusing on surface modified ligand/receptor-mediated nano-therapy to target the tumor cell at the molecular level.

Various nanoparticle systems, such as liposomes, micelles, and dendrimers, have been studied not only in vitro but also in vivo, concluding that the presence of receptor targeting antibody on the nano-carriers demonstrated a higher toxicity than the nano-carriers without an antibody after time dependent incubation ([@bib0175], [@bib0310], [@bib0545]).

Antibodies against cell surface biomarkers are the commonly used ligands for the development of targeted nanoparticles. Although mouse Mabs have been used for making targeted nanoparticles, strong cross-species immune responses limit their potential for future clinical translation. Currently only a few types of humanized Mabs, such as HER-2 antibody (Herceptin), are available for the production of targeted nanoparticles ([@bib0435]). Alternatively, high affinity recombinant antibody fragments have been developed as targeting ligands ([@bib0540]). For example, a human single chain antibody against the epidermal growth factor receptor (ScFvEGFR) that is highly expressed in the majority of epithelial tumors was conjugated to different types of nanoparticles. Specificity of tumor imaging and targeted therapeutic effects of these nanoparticles have been demonstrated in several animal tumor models ([@bib0540]). The major advantages of using natural ligands for tumor targeting are their high binding affinity, specificity, and, most importantly, low immunogenicity.

[@bib0365] reported higher antibody-conjugated lysosomal P (LA-co-TMCC)-g-PEG-furan micellar concentration in HER2 positive cell lines with significant cellular distribution resulting in two- to threefold increase in lysosomal accumulation compared to using the antibody alone ([@bib0365]). In addition, [@bib0355] reported that thiol functionalized anti-HER2 Mab can be conjugated with the maleimide containing liposomes. Internalization of these antibody coupled immunoliposomes by HER2 positive breast cancer cell line (SK-BR-3) was observed with enhanced effects compared to the control liposomes ([@bib0355]). Many authors observed that the use of lisposomes was more effective in vitro than in vivo. To prove targeted drug-loaded liposome as an effective and safe treatment option for HER2 positive breast cancer, more in vivo studies need to be conducted.

When used, anti-HER2 Mab conjugated with dendrimers resulted in the effective delivery to target the overexpressed HER2 receptors of tumor cells in animal models. More recently, [@bib0335] developed biocompatible sixth generation (G6) anionic lysine (amino acid) dendrimer, on which the surface was modified with glutamate and, thereafter the glutamate modified G6 lysine dendrimer was coupled with trastuzumab Mab and a fluorescent label. Following this, the whole conjugated formulation was evaluated in both HER2 positive and negative cell lines to assess the targeting efficiency and cellular internalization compared to the free antibody application. The results of this study revealed high binding affinity with low cytotoxicity; and cellular internalization or lysosomal trafficking in HER2 positive cells with a dose-dependent profile compared to the HER2 negative cells ([@bib0335]).

In subsequent studies by [@bib0110] and [@bib0155], a model protein toxin (PE38KDEL) was used to develop anti-HER2 antibody functionalized PE38KDEL loaded PLGA nanoparticles utilizing a two phase carbodiimide process. Modified encapsulated nanoparticles showed higher in vitro cytotoxicity and more protective antitumor activity compared to the controls in HER2 overexpressing cells and tumor-bearing mice, respectively. In addition, they reported well tolerability for maximum tolerated dose, as well as reduced systemic toxicity when modified nanoparticles were administered to mice model compared to control ([@bib0110], [@bib0155]).

Nanotechnology has promoted greater opportunities for higher specific drug delivery with minimum side effects. Bio-conjugation strategies of therapeutic agents loaded nanoparticles with Mabs have exhibited a targeted drug delivery approach both in vitro and in vivo.

Mabs can act as highly specific probes when they are attached to nanoparticles to aid in targeted delivery of various antitumor cytotoxic agents ([@bib0465]). The combination therapy of nanopartilces of Mabs and other chemotherapeutic agents, such as doxorubicin, 5-Fluorouracil, paclitaxel, docetaxel, campothecin, and topotecan, could bring about synergistic tumor growth inhibition. Some nanoparticulate systems combining antibody with these chemotherapeutic agents are listed in [Table 25.1](#t0010){ref-type="table"} .Table 25.1Nanoparticulate Systems Combining Antibody With Chemotherapeutic AgentsSystemAntibodyLoaded DrugPathology/TargetReferencePEG liposomesAnti-MT1-MP(Fab′)Doxorubicin---[@bib0180]Fe~3~O~4~/Au magnetic/gold nanoparticlesBevacizumab anti-VEGF antibodyDoxorubicin---[@bib0375]LiposomesAnti-HER2 monoclonal antibodies (trastuzumab)DoxorubicinTumor xenograft nude mouse models[@bib0070]; [@bib0370]Chitosan nanoparticlesAnti-HER2 monoclonal antibodiesDoxorubicinCancer therapy (breast, ovary)[@bib0550]Human albumin serum (HAS) protein-based nanoparticleTrastuzumabDoxorubicinBreast cancer therapy[@bib0045]Chitosan scaffold-PLGA nanoparticlesBevacizumab anti-VEGF antibody5-FluorouracilBrain cancer[@bib0245]Poly(propylene imine) dendrimerPrimary antibody (mAbK1)PaclitaxelOvarian cancer therapy[@bib0185]PLGA nanoparticlesCetuximabPaclitaxel palmitateLung cancer therapy[@bib0205]Poly([d]{.smallcaps},[l]{.smallcaps}-lactide-*co*-glycolide)/montmorillonite (PLGA/MMT) nanoparticlesTrastuzumabPaclitaxelBreast cancer therapy[@bib0460]Micellar nanoparticles (vitamin E TPGS and TPGS-siRNA)AntiHER2 antibodyDocetaxelBreast cancer therapy[@bib0560]; [@bib0330]Polylactide (PLA)-based nanoparticlesAntiHER2 antibodyDocetaxelBreast cancer therapy[@bib0565]Poly(lactide-*co*-glycolide) (PLGA) nanoparticlesIgG Isotype control antibody anti-Fas mAbCamptothecinColorectal cancer therapy[@bib0315]LiposomesAntibody fragments scFv antibodiesTopotecanProstate cancer therapy[@bib0405]

### 5.1.2. Eye diseases {#s0065}

Neovascularization is a major cause of visual loss in a number of ophthalmic diseases. It consists of new blood vessel growth from preexisting vascular structures. This process occurs in pathologies of the anterior and posterior segments of the eye, such as corneal neovascularization, age-related macular degeneration (AMD), diabetic macular edema, viral retinitis, proliferative vitreoretinopathy, posterior uveitis, retinal vascular occlusions, choroid neovascularization (CNV), and diabetic retinopathy, to name a few.

Anti-VEGF agents have demonstrated efﬁcacy in reducing neovascularization in both animal models and clinical trials. Speciﬁcally, anti-VEGF antibodies have shown initial therapeutic success. Bevacizumab is a full-length, humanized murine Mab that recognizes all isoforms of VEGF. Bevacizumab was initially approved by the U.S. Food and Drug Administration (FDA) to treat metastatic colon cancer, but it has also shown efﬁcacy in the treatment of various neovascular ocular diseases and is used off-label to treat neovascular age-related macular degeneration.

Topical delivery is a relatively easy and a less risky method of drug administration. However, delivery to the posterior segment via this route is considered inefﬁcient and unsuccessful, since less than 5% of the topically applied dose enters the eye and an even smaller fraction of it (0.001%) is expected to reach the posterior segment. Intravitreal administration involves the direct administration of drug solution/suspension into vitreous humor via pars plana using a 30-G needle. In contrast to the topical and systemic routes, intravitreal injection makes high concentrations of drug locally available to the internal eye tissue, including the choroid and the retina. Similarly, the intravitreal administration of Macugen (pegaptanib sodium; Pﬁzer) and Lucentis (ranibizumab; Genentech/Novartis), vascular endothelial growth factor (VEGF) inhibitors, is highly successful for the control of AMD. However, agents with molecular weight less than 500 Da when applied intravitreally tend to be drained off from the site of application with a half-life of less than 3 days, indicating a need for repetitive injections. Anyway, the period requiring a repeat dose may extend from a few days to several months for macromolecular antibodies. For example, three is the mean number of injections of bevacizumab (Avastin; Roche) required to be administered per year for the treatment of AMD. On the other hand, the recommended dosing frequency of ranibizumab (Lucentis) is once a month (0.5 mg; 50 μL) for at least 9 months ([@bib0400]), whereas pegaptanib sodium (Macugen) needs to be injected intravitreally at 6-week intervals for 1 year ([@bib0225]).

Nevertheless, repetitive intravitreal injections, even if spaced widely, are invariably associated with complications, such as vitreous hemorrhage, retinal detachment, cataract, and endophthalmitis. The rate of endophthalmitis and retinal detachment being observed with intravitreal injection is 0.2 and 0.05%, respectively ([@bib0140]). Moreover, patient compliance is lower with such regimens because of the painful and invasive procedures requiring hospitalization and specially trained physician for administration, in addition to the high cost of the medicine per se ([@bib0210]).

Biodegradable polymeric nanoparticles offer properties that make them suitable candidates to overcome these administration issues. In this regard, [@bib0010] studied encapsulated bevacizumab into liposomesand and found that the intravitreal injection of liposomes was well tolerated through 42 days in rabbits. The clearance of this drug in vitreous from liposomal formulations was slower than the soluble form. The concentration level of bevacizumab after intravitreal injection suggested that intravitreal injection of drug by these carriers provide sufﬁcient concentration of therapeutic drug for 6 weeks for diabetic neovascularization and probably for other neovascular eye diseases ([@bib0010]).

Other authors developed nanoparticles of PLGA loaded with bevacizumab and stabilized whit albumin. They found that the vitreous concentration of bevacizumab was sustained for about 8 weeks at values greater than 500 ng mL^−1^ and that the nanoparticles presented a drug vitreous medium retention time (MRT) 3.3 times higher than the control. In addition, it was confirmed the nanoparticles persistence in ocular tissues for 56 days ([@bib0500], [@bib0505]).

Recently [@bib0285] studied the effects of intravitreal injection of bevacizumab-chitosan nanoparticles on pathological morphology of retina and the expression of vascular endothelial growth factor (VEGF) protein and VEGF mRNA in the retina of diabetic rats. The results have offered a new approach for inhibiting angiogenesis of diabetic retinopathy and indicated that the intravitreal injection of bevacizumab inhibited VEGF expression in retina. In addition, bevacizumab-chitosan nanoparticles presented a longer period of action ([@bib0640]).

### 5.1.3. Respiratory diseases {#s0070}

Chronic respiratory diseases (CRD) are chronic diseases of the airways and other structures of the lung. Among the most common, asthma, chronic obstructive pulmonary disease (COPD), and respiratory allergies can be mentioned.

The airway inflammation in these diseases cannot always be controlled with conventional therapies. The critical role of the combination therapy of an inhaled corticosteroid (ICS) and a long-acting β-adrenoceptor agonist (LABA) in the treatment of patients also suffering from severe asthma and chronic obstructive pulmonary disease (COPD) explains why there is a strong interest within the pharmaceutical industry in developing new pharmaceutical alternatives.

Biological therapies represented in particular by Mabs against selective targets, could improve the outcome of these diseases.

Many current publications have shown the important role of nanomedicine in the treatment of respiratory diseases ([@bib0595], [@bib0615], [@bib0625]). Systems releasing nanoparticles have several possibilities to improve treatment of upper respiratory tract since they can protect drugs from degradation by enzymes present in the epithelial lining fluid, the particle size may permit circumvent pass macrophages, and crossing the endothelium will allow systemic treatment of nanoparticles and pulmonary drug intravenously administration.

Identifying asthma phenotypes has given impetus to the search for biomarkers to help classify patients, pointing to new therapies and predicting different pathological mechanisms of disease progression with strong benefits for affected patients ([@bib0340]).

An ideal biomarker is easy to detect and measure, noninvasive, and inexpensive, and it can be used to identify phenotypes either for clinical response or treatment, assessing changes in disease activity, or confirming a diagnosis.

COPD is currently the fourth leading cause of death in the world, and if current trends continue, it is likely to rank as the third leading cause of death by 2030 ([@bib0635]).

Both cytokines and chemokines play a fundamental role in the organization of COPD, so the use of Mabs in the treatment options is very valuable to provide more targeted therapies ([@bib0260], [@bib0535]).

Numerous antibodies directed to cytokines, chemokines, growth factors, and their receptors are considered for the treatment of COPD and some have already been studied in clinical trials in patients with COPD.

The macrophage imaging using MRI, together with the use of magnetic nanoparticles of iron oxide, has recently emerged as a promising noninvasive technique for preclinical and clinical studies of inflammatory diseases.

However, limited research on inflammation and passage of macrophages in the lung, using imaging technology has been performed due to difficulties in imaging the body (i.e., the signal loss due to the pulsations and heart breathing, low proton density, and susceptibility artifacts). Novel perspectives for imaging, diagnosis, and treatment of respiratory diseases, such as COPD can appear due to technical improvements and the development of techniques of magnetic resonance pulse sequence detection.

Studies reported the possibility of noninvasive monitoring of subsets of macrophages in an inflammatory model using high resolution MRI after intravenous administration. The possibility of noninvasive monitoring of subsets of macrophages was reported in an inflammatory model using high resolution MRI after intravenous administration. Furthermore, other studies have proven that polarization and proliferation was not affected using iron oxide nanoparticles with ex vivo labeled subpopulation of macrophages. The coupling of a specific antibody with the iron oxide nanoparticles directed to a particular subpopulation of macrophages may provide a promising strategy for early diagnosis and improved various inflammatory diseases noninvasively using MRI.

[@bib0015] evaluated the in vivo effect of intrapulmonary administration of SPION on the profiles of alveolar macrophage polarization in a model of COPD and developed a protocol MRI noninvasive to specifically target and monitor a subpopulation of macrophages using specific antibody-conjugated SPION.

An interesting approach was performed to target a subpopulation of macrophages in the lung of a COPD animal model using biocompatible antibody-conjugated iron oxide nanoparticles. This conjugation allowed noninvasive tracking using a free-breathing MRI protocol.

Antibodies to IL-8 Abgenix improved dyspnea but not lung function. This limited clinical benefit is attributed to suboptimal dosing into the airways because of intravenous administration ([@bib0295]). Therefore, the use of nanoparticles may allow administration by inhalation for local concentrations and avoiding side effects. So far, clinical trials with anti-TNFalpha antibody infliximab have been carried out, but no effects in patients with COPD were observed ([@bib0130], [@bib0385], [@bib0490]).

Therefore, the release of cetuximab (currently undergoing clinical trials for cancer therapy) could be a valuable option for the treatment of COPD.

Molecularly targeted nanoparticles were chosen as the best strategy for imaging inflammation to make progress in health care ([@bib0320], [@bib0525]).

Magnetic nanoparticle's versatility makes them well suited for applications to enable early detection and prevention, and so improving diagnosis, treatment, and follow-up of diseases ([@bib0360]).

[@bib0015] developed an assay to quantify the antibodies CD86 or CD206 conjugated to SPION, which involves the reduction of Cu^2+^ to Cu^+^ by proteins and the appearance of a purple-blue copper-protein complex in alkaline medium.

6. Future Trends of Monoclonal Antibodies {#s0075}
=========================================

Some significant trends that appear to be developing include bispecific antibodies, ADCs, and companion diagnostics, which should help to identify the most appropriate patient populations for treatment.

Even though the health benefits of Mab therapeutics are proven, controversies will continue about their economic viability because of their expensive price. High prices, however, are generally associated with early innovative treatments, and Mabs are not the only drugs to have staggering prices. The cost of cancer treatments, for example, has more than doubled in the past two decades, leading to an outcry by many European and American cancer specialists. Another reason why Mabs are so expensive is the fact that many of them are still protected by patents. A drug's patent life is 20 years from the date of filing, in order to help developers recover some of the research and development costs involved in getting a drug to market. Some of the patent life is in fact reduced because some of that time, an average of 8 years, is taken up by clinical trials and regulatory approval ([@bib0430]).

The slow progress of Mab therapeutics for infectious diseases can be attributed in part to the large arsenal of other antiinfective drugs, such as vaccines and antibiotics. Because they are specific to a single pathogen, Mab drugs are also commercially less attractive than traditional drugs because they cover a narrower spectrum of patients. In addition, Mabs need to be administered by intravenous or subcutaneous injection, unlike other antiinfectives that can be taken orally, so they are unsuitable for patients in developing countries who have limited access to healthcare. Mabs are also more effective at preventing infection rather than treating established ones, and unlike vaccines provide only short-term prophylaxis. And finally, the high development and manufacturing costs associated with Mabs and the poor record in winning approval for treating infectious diseases with Mabs lessen their commercial appeal ([@bib0380]).

More promising are recent developments to enhance the potency and efficacy of Mabs, so as to make it possible to prescribe lower doses and potentially reduce costs. A number of approaches have been adopted to augment the efficacy of Mabs. One of the most encouraging is the use of genetic engineering to remove glycosylation sites from the variable domain of the antibody. This enhances the effector function of Mabs, such as antibody-dependent cell-mediated cytotoxicity (ADCC), which activates the patient's innate immune cells to kill a target cell like cancer.

Although the new generation of Mabs may greatly improve the treatment of cancer and autoimmune disorders, which are well-established disease targets for Mab therapeutics, it remains to be seen whether Mab therapeutics will be effective in other areas. Nowhere is this question more urgent than in the case of infectious diseases.

The fact that Mab therapeutics is pathogen-specific could hinder its use for treating mixed infections. One solution might lie in the use of a cocktail of Mabs to target the diverse range of antigens that viruses carry. Such a strategy would effectively mimic the natural immune response: once infected, the body tends to develop several antibodies in response to the antigens presented by a virus, each of which attaches to one of the different antigens. It is this diversity of antibodies that helps the immune system in fighting the invader. The use of a cocktail of Mabs is already being investigated for the treatment for rabies

Recent advances in Mab engineering have opened up new opportunities for serum therapy. Importantly, Mabs offer the means to prepare standardized agents, which, when combined in a cocktail, can yield a product that is more precise and more potent than traditional serum therapy. To date, the development of antiinfective Mab products has attracted little commercial investment. In part this is because infectious diseases are short-lived and therefore have a limited market. This is in contrast to chronic conditions like cancer and autoimmune diseases, which require regular treatment and therefore have greater profit potential. Nonetheless, the pharmaceutical climate is changing, fueled by concern over the rise in new pathogens (such as West Nile and corona viruses); the reemergence of old pathogens (like tuberculosis), increasing antibiotic resistance among microorganisms; and the rise of superbugs like MRSA, as well as the growing epidemic of patients who are immunocompromised as a result of HIV infection, organ transplantation, chronic degenerative diseases, and improvements in cancer care.

Likewise, Mabs have been used to investigate and treat cancer, providing powerful tools for identifying and targeting different antigens on tumors. Although these applications did not quickly translate into successful Mab therapeutics for cancer, in more recent years Mabs therapeutics have offered alternatives to drugs with a broad spectrum and high toxicity. This has transformed the care of cancer patients, who no longer face the prospect of losing hair and other serious side effects associated with other cytotoxic drugs. The advantage of Mabs is that they can be given as maintenance therapies. This is reshaping our perceptions of some cancers from what was once seen as inevitably fatal to a chronic condition. Mabs have also enabled the prescription of specific therapeutics for particular tumor antigens in individual patients. This allows a greater degree of personalization in the management of cancer than in the past. Indeed, Mabs are expected to be an increasingly important component in personalized cancer therapies.

In a world of antibiotic-resistant superbugs and an aging population grappling with autoimmune disorders and cancer, Mabs offer the potential for new, targeted treatments and drugs that can offer personalized care---and a window into the complex, overlapping conditions that underlie human disease.
